The moderator design for the European Spallation Source is based on the low-dimensional moderator concept recently proposed for use at spallation neutron sources or reactors. Quasi-two dimensional, discor tube-shaped moderators, can provide strong brightness increases (more than a factor of 2) with respect to high-intensity volume parahydrogen moderators, which constitute the reference, state-of-the-art technology for high-intensity coupled moderators. In the design process other aspects were also considered, such as the importance of moderator positioning, the premoderator and beam extraction angular range. Different design and configuration options were evaluated. The adopted "butterfly" configuration has the advantage of simultaneously offering high thermal and cold brightness or the bispectral combination of both for each beam line position in the full 2×120° beam extraction sectors of the instrument suite.
INTRODUCTION
The European Spallation Source (ESS) is a long pulse facility (2.86 ms pulses at 14 Hz repetition rate) currently under construction in Lund, Sweden. It will start operation in 2019 and it aims at becoming the brightest neutron source in the world for condensed matter studies using neutrons. This will be achieved by the high power proton beam (2 GeV protons with 2.5 mA average current, for 5 MW beam power) impinging on a spallation target made of tungsten.
Beam lines for neutron beam extraction start at 2 m from the moderators (Figure 1 ). Spallation neutrons in the MeV range will be cooled down to the desired energies by means of thermal and cold moderators. Because of the high power, and of the long pulse structure, at present the choice of moderator material for cold neutron production is limited to liquid hydrogen (as liquid deuterium would broaden too much the time pulse). Light water is used for thermal neutrons.
The neutronic design of the ESS moderators is based on the optimization of the brightness, i.e., the flux per unit solid angle averaged over the surface of the moderator. This optimization work used the recent findings on low-dimensional moderators [1, 2, 3] , according to which high brightness gains (factor 2-3 for realistic moderator heights) can be obtained for liquid parahydrogen moderators. As discussed in Ref. [2] , the thermal neutrons from the water premoderator get primarily slowed down to the cold regime by the first collision close to the moderator wall after entering the parahydrogen, and they can escape with large probability from the moderator volume without any further collision.
By low-dimensional moderators we mean:
• Flat moderators (quasi two-dimensional shape). The height of such moderators are reduced with respect to conventional volume moderators, such as the coupled moderator used at J-PARC [4] , ideally reducing it to a quasi-two-dimensional shape.
• Tube moderators: quasi-one-dimensional, tube-shaped moderators, in which one additional dimension is essentially removed with respect to the flat moderators (see Ref. [2] , which includes some examples of application in an ILL-type reactor).
This classification refers to cold moderators. However, a requirement for ESS is the possibility to allow bi-spectral (thermal-cold) beam extraction, therefore a thermal neutron source must also be designed. 
DESIGN CRITERIA AND MODERATOR CHOICE
At ESS bi-spectral extraction is needed for a significant number of instruments. The surface of the moderator viewed by instruments is required to be at least 3 cm (height)×6 cm (width) for both thermal and cold moderators, for all the instruments in the 2×120° sectors.
A design that places the cold moderator in the hotspot of neutron production is the pancake design [3] , consisting of a cylindrical (20-cm diameter) Al container filled with parahydrogen. The weak point of this design is that thermal neutrons are extracted from the sides, resulting in a lower brightness thermal moderator.
Figure 2. MCNPX models of the two "butterfly" concepts.
The need of bi-spectral extraction, and therefore the need to place, if possible, both thermal and cold moderators above the hotspot of neutron production (location of highest flux exposure to high energy neutrons created by the proton beam in the target), suggested the use of different moderator shapes, as shown in Figure 2 . Such "butterfly" shapes on one hand place cold and thermal moderators closer on the hotspot. On the other hand, they exploit to some extent the concept of tube moderators, because of the presence of straight walls corresponding to the cold neutron extraction, adjacent to thermal premoderators. Finally, such moderators are also ideally fit for beam extraction in wide 120° sectors. The balance between thermal and cold brightness shifts within 10-15% between the two concepts of Figure 2 ; i.e., the moderator in Figure 2 (left), has higher cold brightness, but lower thermal, than the moderator in Figure 2 (right). Butterfly moderators with two different heights have been studied in full engineering details for initial installation at ESS: a 3 cm high, and a 6 cm high, less bright (see Figure 3) but offering an about 1/3 higher integrated intensity emitted by the 2 times larger surface viewed by the beam lines. The choice of the height of the 3 cm moderator was done after an extensive simulation of the flux deliverable to the sample by state-of-the-art (focusing) neutron optical guide systems, for a large set of instruments considered for ESS [6] . In Figure 3 the dependence of the cold and thermal brightness as a function of the moderator height is shown. The cold brightness of a 3 cm high moderator is 2.5 times the one of a 10 cm moderator, viewing 2×120° (equivalent in brightness to a 12 cm moderator viewing 2×60°), consistent with previously found results for the pancake moderator [3] . For the thermal brightness, the difference between 3 cm and 10 cm is a factor of 2, higher than previously found for the pancake. It is important to stress that the lifetime of the moderator-Be reflector assemblies at ESS will be limited to about 1 year by the high radiation load and they will be exchanged with this frequency. Moderators + Be reflectors can be replaced/removed independently on the top and bottom positions. The regular replacements also offer an opportunity to improve the design, by taking operational experience and adequate new developments into account.
Premoderator
The importance of the premoderators is well established and they are widely used at cold neutron sources.
The premoderator provides a spectral shaping to the neutron spectrum from the spallation target, bringing neutron energies down from the MeV range to thermal. We have found that this plays a crucial role not only for the cold moderator, but also for the thermal one. As a result, an extended premoderator (water disk, Figures 4 and 5) , with diameter almost equal to the Be reflector, and thickness of about 3 cm, gives a substantial gain in both thermal and cold brightness.
Effect of orthohydrogen on the brightness
Best performance of the low dimensional moderators requires pure parahydrogen. Figure 6 (left) shows that for a 99.5 % parahydrogen fraction the brightness loss is of about 4%. Such a high fraction of parahydrogen can only be achieved by using catalyzers. Recent experimental results [7] indicate that the ENDF-VII measured cross section did not account for an impurity of orthohydrogen of 0.5%. Therefore in our calculations we assumed pure parahydrogen. With the presently adopted design, we found that the penalty in brightness, by implementing engineering details in the model, is independent of the height of the moderator, i.e., the relative performance of the 3 cm and 6 cm moderators are the same in the physics and engineering MCNPX models; this indicates that both moderators are equally affected in absolute brightness (about a 20% decrease, including design changes) going from the physics to engineering models.
The design in Figure 4 privileges the thermal component over the cold component. However, in the future a moderator of type "1" (on the left of Figure 2 ) giving a further increase in cold brightness of 10-15%, at the cost of an equivalent loss in thermal brightness could be considered using a regular moderator replacement.
The calculated spectra in Figure 7 are compared with the official ILL yellow book values [8] ; the ESS peak brightness is compared to the ILL time independent brightness. For the 3-cm high configuration the ESS thermal moderator is on average a factor of 10 brighter than the nominal ILL thermal brightness. The cold brightness at 4 Å is more than 100 times the nominal ILL brightness. 
CONCLUSIONS
The neutron moderators for ESS have been designed, based on the high-brightness properties of lowdimensional moderators. After several options were considered, the adopted configuration for the moderators is the "butterfly" shaped, for increased bi-spectral performance and improved neutron extraction. The engineering design and manufacturing of the moderators is in progress.
